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Behavioral Regulators of Carbohydrate Homeostasis. 
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Curt P. Richter. 
With 12 Figures. 


In this paper I propose to discuss carbohydrate metabolism in 
relation to homeostasis, but from the viewpoint of its “behavioral” 
rather than its “physiological” regulators. 

The “physiological” regulators are well-known through the works 
of Claude Bernard on the constancy of the internal environment ', as 
well as through the many studies of Cannon”. 

The behavioral regulators are less well-known. Their existence 
was first demonstrated in this laboratory by a series of dietary 
self-selection experiments, Thus, the behavior of rats after adrenal- 
ectomy gives a good example of such a whole-body regulation 
mechanism. Since the publication of Addison’s classical Monograph * 
in 1855 it has been recognized that the adrenals are necessary for 
life. However, until Loeb and his co-workers * demonstrated their 
essential role in the regulation of sodium metabolism eighty years 
later, we had no knowledge of any of the specific functions of these 
glands. In 1935 these workers reported: a) that in the absence of 
adrenal secretions sodium is excreted in abnormally large amounts, 
ultimately decreasing the sodium content of the blood to a level 
incompatible with life; and b) that adrenalectomized rats that would 
succumb in 10—15 days without treatment can be kept alive in- 
definitely by replacement therapy, either by increasing the sodium 
content of the food, or by daily salt injections. 

Our early experiments followed these of Loeb. We were first 
interested in learning whether after adrenalectomy rats would, when 
offered salt in a container separate from their food, voluntarily 
consume enough to keep themselves alive and free from symptoms 
of insufficiency. For this purpose we used individual small cages, each 
equipped with a food-cup (salt-free diet) and two graduated inverted 
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bottles, one filled with plain water, the other with a 3% salt solution. 
See Fig. 1. Daily records of the food and fluid intake were taken for 
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Fig. 1. Photograph of cage used for adrenalectomy and salt appetite experiments. 
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Fig. 2. Typical records showing effects of adrenalectomy on a rat not given access to salt and of 
a rat given access to a 3%, salt solution. 
several weeks preoperatively in order to establish base lines. Then 


the adrenals were removed. Almost immediately after the operation, 
sometimes within hours, the rats began to drink more salt solution 
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than before; the intake continued to increase for 5—10 days, until 
a plateau was reached. The salt thus voluntarily ingested amounted 
to 3 to 5 times the preoperative intake and was obviously sufficient to 
keep the animals alive and in good health °®. 

Fig. 2 shows two typical records, one of a rat given access to 
water but not to salt solution; the other with access both to water 
and to a 3% salt solution. The first rat lost weight and died 8 days 
after adrenalectomy; the second rat 
began to drink more salt solution almost 
immediately after the operation; it con- 
tinued to gain weigth and was thriving 
when it was sacrificed at the termination 
of the experiment 47 days later. When 
given simultaneous access to a number 
of bottles containing solution of various 
electrolytes, adrenalectomized rats con- 
sistently selected those containing sodium 
salts. 

Thus, after the extirpation of the 
adrenal glands, i. e. the “physiological” 
regulators of blood sodium concentration, 
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the raths themselves sought and ingested Oe rAd pENMEOuT 
more salt, thereby maintaining their AGE IN Days 


blood sodium at a level compatible with Fs. aac one ae oe eute 
life. In this way the existence of “beha- for salt and dextrose. 
vioral’ regulators was demonstrated ® *, 

Tt may be pointed out that had this method of voluntary selection 
been known in the 1850’s to Brown-Séquard® or Philipeaux ® 
adrenal function might have been understood nearly a century sooner. 
It would only have been necessary to offer adrenalectomized animals 
a variety of electrolytes and other purified food substances. From 
the specifically increased appetite of the rats for sodium it would 
have been seen that sodium concentration was undoubtedly under 
the regulation of the adrenals. 

Many other examples of “behavioral” regulators could be given. 
In this paper J shall limit myself to a few examples of observations 
on the changes in carbohydrate appetite that follow interference 
with the various endocrine glands. 

The first example again involves adrenalectomy: its consequent 
effect on carbohydrate appetite demonstrates another essential func- 
tion of adrenal secretions 1°. In this experiment the rats had a choice 
of water, a 3% salt solution, a 40% solution of dextrose, and a salt- 
free diet. Fig. 3 shows a typical record for 20 days before and after 
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adrenalectomy. The ordinates give fluid intake in cubic centimeters; 
the abscissas age in days. Almost immediately after adrenalectomy 
the rat began to drink more salt solution, more water and less 
dextrose solution. The rat did not Jose weight and there were no 
signs of deficiency. Essentially the same results were obiained when 
dextrose was offered in solid form rather than in solution 1+, The 
adrenalectomized rats thus indicate not only that they need salt and 
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Fig. 4. Typical graph showing effect of adrenalectomy and treatment with Doca on a rat’s appetite 
for salt and dextrose. 


water, but that owing to the loss of corticoid secretion they are no 
longer able to utilize the carbohydrate dextrose. 


Adrenalectomized rats treated with daily injections of desoxy- 
corticosterone (Percorten) stop drinking salt solution and again take 
dextrose, as may be seen in Fig. 4 7°. 


The second example concerns the changes in carbohydrate appetite 
produced by the daily injection of insulin into normal rats *?. In 
these experiments the animals again had access to a stock diet, 
a 40% solution of dextrose, and water, all in separate containers. 
Fig. 5 reproduces a typical record. The insulin dosage was increased 
daily over a 30-day period from 1 to 17 units. Intake of the stock diet 
showed only a small increase which was actually less than pro- 
portional to the increased body weight. In sharp contrast the intake 
of the 40% dextrose solution showed a 3-fold increase, while the 
water intake showed a small decrease. After the last insulin injection 
the consumption of dextrose solution dropped abruptly practically 
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to zero, where it remained for 6 days before returning to a level 
proportionately comparable to the pre-insulin intake. 

A third example is found in reaction to pancreatectomy ‘?. In 
these experiments rats were given access to 12 substances, one re- 
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Fig. 5. Typical record showing the effect of daily injection of insulin on the appetite for dextrose, 


presentative of each of the substances known to be necessary for 
a normal diet: 


Sucrose, 2.0. 6 6 ee ee ee ee ew ee.) carbohydrate 
Olive: Ole 4: is oe ae ee SS Se es eo oe ele iS a RE 

Casein 2. 6 we ew ee eee we ee ee) oprotein (vitamin free) 
Sodium chloride 83% . . . . . . 2 ww ee) Comineral 

Dibasic sodium phosphate 4% . . . . . . . . . mineral 

Potassium chloride 1% . . . . . . . . . . . + mineral 

Calcium lactate 2% . . . .. . . . . . +. + + mineral 
Magnesium chloride 05% . . . . . . . « . . « mineral 

Wheat germoil. ©. 2. 2. 1. ee eee ee ee Vitamin E 

Cod liver oi. 2... 2. wee ee ee ee .) oVitamin A and D 
Yeast or liver powder . . . . . . . - . . + + ~ vitamin B complex 
Water 


Each component of the diet was offered in a separate container 
and each rat was housed in an individual cage such as is shown in 
Fig. 6. There are 4 non-spillable cups for solids (only 3 of which were 
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used in this particular experiment), and 16 graduated inverted bottles 
for fluids (only 9 of which were used). The intake of each sub- 
stance was recorded daily for each rat. 

Earlier experiments -have shown that normal rats grow and repro- 





Fig. 6. Cage used for self-selection studies. 


duce on the selections they make from this assortment of food-stuffs; 
actually they grow as well as or better than those on one of our best 
stock diets. See Fig. 7. 

We have since used this self-selection technique in the study of 
the function of many different glands. However, the present account 
is concerned only with the changes in appetite that follow pancreat- 
ectomy (removal of all of the gland except for a small remnant 
between the bile duct and the duodenum). In the rat this operation 
consistently produces a severe degree of diabetes mellitus. 

These experiments were conducted in two parts: 1. the rats were 
not placed on the self-selection diet until they had shown marked 
diabetic symptoms for some months; 2. they were started on the diet 
several weeks before pancreatectomy. Fig. 8A shows a typical 
record, This rat was pancreatectomized at 56 days. On the stock diet 
(McCollum) it immediately gave evidence of a marked diabetes. 


Behavioral Regulators of Carbohydrate Homeostasis. 


Thus it showed polyuria, poly- 
dipsia, increased blood sugar, 
and a slowing in growth rate. 
On the self-selection diet which 
was instituted 7 weeks. post- 
surgically (at 98 days of age), 
the polydipsia and _ polyuria 
promptly became much less pro- 
nounced, the blood sugar level 
dropped almost to normal, and 
the animal showed an increased 
growth rate. When at the age of 
134 days it was returned to the 
stock diet all of the symptoms of 
diatetes returned. Fig. 8b shows 
the dietary selctions made by this 
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Fig. 7. Graph curves of rats on stock diet and 
on self-selection diets. 





rat. It ate large amounts of yeast and the protain, casein. During 
the first weck it also consumed large amounts of the carbohydrate, 
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Fig. 8. (A) Typical graphs showing the water intake and body weight of diabetic rats on the stock 
and self-selection diets; (B) the amounts of the different foods eaten on the self-selection dict. 


sucrose, after which this food-stuff was consistenly avoided. During 
the sucrose-eating days the animal took little or none of the fat, 
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olive oil; then simultaneously with the shift from carbohydrate, it 
began to consume relatively large amounts of olive oil. 

Fig. 9 gives a typical record for a rat used in the second part of 
these experiments. This rat was pancreatectomized after 42 days on 
the self-selection diet. In this case there were no demonstrable signs 
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Fig. 9. Typical record of water intake and body weight of pancreatectomized rats showing absence 
of diabetic symptoms on the self-selection diet and their presence on the stock diet. 





of diabetes so long as the rat remained on the self-selection diet. 
However when it was placed on the stock diet, 34 days post- 
operatively, it promptly showed all the signs of diabetes, with 
marked polydipsia and polyuria, and a great increase in blood sugar. 

Fig. 10 shows this animal’s dietary selections during the 42 days 
before pancreatectomy and the 34 days afterwards. As can be seen, 
after the operation the consumption of liver powder, casein, and olive 
oil were increased, while that of sucrose dropped almost to zero. 

Continuing the study on pancreatectomized rats ‘*, six com- 
ponents of the B complex were offered in place of the yeast in the 
full self-selection diet described above as follows: 
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Thiamine hydrochloride . . . . . 0,02% 

Riboflavin. . . . . . . . . . . 0,00125% 

Pyridoxine . ....... . . 002% 

Nicotinic acid . . ..... . . 0,05% 

Calcium pantothenate. . . . . . . 0,01% 

Choline chloride . . . . . . . . 05% 

Thus, among the 18 separate purified substances to which the rat 

had access there was only one protéin — casein; and only one 
carbohydrate — either 


5 LIVER POWDER 
sucrose or glucose. The GMs, i 
results were essentially of \ \ y7W 

the same as those ob- 


tained in the earlier 


experiment with the 
more limited self-selec- ob Avy, apa 
tion diet. Table I gives 


for 8 rats the average 5 SMS SUCROSE 
caloric percentage of 

carbohydrate, fat and O 

protein ingested before 





and after the operation. 5 cc. OUNE OH 
As before, the intake of 
fat and protein showed Sl eustteote aol " 
definite increases, 124 144 164 184 204 
whereas that of carbo- AGE IN DAYS TPANCREATECTOMY 


hydrate decreased mar- ; : a 
Fig. 10. Record showing daily intake of food-stuffs on self- 
kedly. These rats con- _ selection diet before and after pancreatectomy. Same rat as 


sistently drank fairly Nee es 
large amounts of almost all of the components of the B complex, 
especially of thiamine hydrochloride. 

These experiments bring out several results that may be of 
interest to this symposium: 1. the inverse relationship between the 


Tab. 1. Caloric percentages last 20-day periods before and after pancreatectomy. 














Carbohydrate i Fat | Protein 
Before | After | Before After | Before After 
= 
Average | 65,0 | 30,0 | 152 | 38,8 19,8 31,2 


appetite for fat and carbohydrate. When rats eat large amounts of 
fat they refuse carbohydrates and vice versa. This has turned out to 
be an invariable law of self-selection and may ultimately be explained 
in terms of the deposition of fat and carbohydrates in the liver. 
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2. Diabetic rats, like diabetic humans, may show craving for carbo- 
hydrate but apparently only for a very limited period. In the case 
of the rats this craving is soon replaced by a strong appetite for fat 
and protein. 38. The vitamin B complex may play an important part 
in the control of diabetes. 

Up to this point the results of our experiments have thrown some 
light on the rat’s appetite for only two carbohydrates-glucose and 
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Fig. 11. (A) Typical individual taste threshold curve for sucrose; (B) average curve for 7 rats. 


sucrose, with relation to various experimental glandular deficiencies. 
In other experiments we obtained information about the animals’ 
appetites for other carbohydrates-fructose, maltose, galactose and 
lactose. 

The so-called taste-threshold technique was used for these 
experiments +°. The same type of cage shown in Fig. 1 was again 
utilized. The rats had access to their stock food at all times; during 
the first 10—15 days both bottles were filled with distilled water, 
until the intake from each bottle had reached a constant level. 
Thereafter, one bottle contained a subliminal concentration of the 
sugar to be tested, in daily increasing concentrations, to the point of 
saturation. Curves obtained in this way reveal a) the taste pre- 
ference concentration, i. e. the concentration at which the rats first 
indicate that they prefer the sugar solution to distilled water, and 
b) the maximum preference concentration, the concentration at which 
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the rats drink the maximum amounts of the solution, and c) the 
maximum plateau intake of each sugar. 

Fig. 11 A shows a typical sucrose taste threshold curve for a 
normal rat; Fig. 11 B shows the average curve for 7 rats. The 
successive concentrations of the sugar offered are shown along the 
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Fig. 12. Average curve showing intake of various sugars in grams per kilogram body weight at 
different concentrations of the sugars. (A) Normal rats. (B) Rats made hyperthyroid by ‘feeding 
dessicated thyroid. 


abscissas, As can be seen, the taste preference threshold fell at 0,4%; 
the maximum preference concentration being 7%. 

The great differences in the normal rat’s appetites for six common 
sugars-maltose, glucose, sucrose, fructose, lactose and galactose are 
clearly demonstrated in Fig. 12 A, which gives the average intake of 
each carbohydrate in gm/kg body weight for each concentration, and 
shows the maximum intake plateau. The rats consumed the largest 
amounts of maltose, 35 gm/kg on the average, and the smallest 
amounts of lactose, 2 gm/kg on the average 7°. 

When rats are made hyperthyroid by feeding desiccated thyroid 
extract they drink almost twice as much of each one of the sugars 
as before, as may be seen by comparing the intake levels of normal 
and hyperthyroid rats respectively in Fig. 12 B. It was found further 

Acta, Neurovegetativa, Bd. IX, Heft i—4. 17 
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that in both normal and hyperthyroid rats there is a direct rela- 
tionship between the amounts of the sugars voluntarily ingested and 
the amounts of each sugar that the rats are able to assimilate 1’. 
The results agree closely with those determined with physiological 
methods by Mendel and Jones *® and Ariyana and Takahasi *® on 
rabbits and rats. 

The ability of rats to make beneficial dietary selections not only 
of carbohydrates, but of other substances, depends to a large extent 
on their ability to detect the substance by taste, which is in turn 
dependent on the relation between the concentration of the substance 
bathing the taste-buds and its concentration in the blood stream. 


Summary. 


Thus, this brief account of our experiments has indicated that homeostasis 
may be maintained by “behavioral” as well as “physiological” mechanisms. How 
these two mechanisms probably operate and inter-react in intact organisms has 
been discussed elsewhere °: 7. 

It is hoped that this concept of “behavioral” mechanisms may be of use in the 
field of carbohydrate metabolism on the one hand to the experimenters who 
are working on animals, and on the other to the clinical workers on man. It 
should make the experimenters aware that animals themselves with their dietary 
selections and other forms of behavior may attempt to regulate carbohydrate 
metabolism; and the clinicians that patients may do likewise. It must be added 
that in man the operation of “behavioral” mechanisms may be complicated or 
confused by beliefs, habits, or social pressure. 


Zusammenfassung. 


Dieser kurze Bericht von unseren Experimenten hat somit gezeigt, da8 die 
Homeostase sowohl durch Mechanismen des ,,Verhaltens“ als auch durch ,,physio- 
logische Mechanismen aufrechterhalten werden kann. Wie diese beiden Mechanismen 
in intakten Organismen wirken und zwischenreagieren ist an anderer Stelle 
besprochen worden, 

Es ist zu hoffen, da8 diese Auffassung von den Mechanismen des ,,Verhaliens* 
auf dem Gebiet des Kohlenhydratstoffwechsels einerseits fiir die Experimentatoren, 
die an den Tieren arbeiten, und anderseits fiir Kliniker, die am Menschen arbeiten, 
von Nutzen sein kénnen, Die Versuchsansteller sollten sich dessen gewahr werden, 
daB die Tiere selbst mit ihren dietéren Selektionen und anderen Arten des Verhaltens 
versuchen kénnten, den Kohlenhydratstoffwechsel zu regeln; und die Kliniker sollten 
bedenken, da8 die Patienten. ein Gleiches tun kénnten. Es mu8 hinzugefiigt werden, 
da8 beim Menschen die Wirkung von Mechanismen des ,,Verhaltens“ durch Glauben, 
Gewohnheiten und sozialen Druck kompliziert oder beeintrachtigt sein kann, 


Résumé. 

Ainsi, ce bref rapport de nos expériences a indiqué que l’homéostase peut 
étre maintenue par des mécanismes <de conduité> et par des mécanismes 
«physiologiques». On a discuté ailleurs comment ces deux mécanismes fonc- 
tionnent probablement et comment ils interréagissent dans des organismes 
intacts. 
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On espére que ce concept des mécanismes «de conduite» pourra étre utilisé 
dans le domaine du métabolisme des hydrates de carbone, d’une part aux 
expérimentateurs qui travailient sur des aninaux et .d’autre part aux 
cliniciens qui travaillent sur ’homme. II faut que les experimentateurs voient que 
les animaux ils-mémes, avec leurs sélections diététiques et leurs autres formes 
de conduite, peuvent tenter de réguler le métabolisme des hydrates de carbone 
et il faut de méme que les cliniciens voient que les patients peuvent agir 
pareillement. On doit ajouter que chez homme l’effet des mécanismes «de con- 
duite> peut étre compliquée ou troublée par des croyances, par des habitudes 
et par Ja pression sociale, 
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